A B S T R A C T Using a recently developed model of nasal challenge, we have obtained data that clearly demonstrate, for the first time, kinin generation during a local allergic reaction in vivo. Allergic individuals (n = 8) and matched nonallergic controls (n = 8) were challenged intranasally with the appropriate antigen and nasal washes were taken before and after challenge. Washes were assayed for kinin, histamine, and [3H]-Na-tosyl-L-arginine methyl ester (TAME)-esterase activity. Increased kinin generation was found by radioimmunoassay (RIA) in the nasal washes of all the allergics (5,560±1,670 pg/ml) but in none of the controls (38±16 pg/ml). The presence of kinin was highly correlated with that of histamine and TAME-esterase activity and with the onset of clinical symptoms (P < 0.001). Serial dilutions of nasal washes produced RIA displacement curves that paralleled the standard curve, and recovery of standard kinins that were added to nasal washes was 100±4% (n = 14). Kinin recovery was identical in both allergics and controls and did not vary significantly with antigen challenge. The immunoreactive kinin in nasal washes was stable to boiling and not precipitated by ethanol, but completely destroyed by carboxypeptidase B. It was evenly distributed between the sol and gel phases of nasal washes. High performance liquid chromatography analysis of the immunoreactive kinin in nasal washes showed it to be a mixture of lysylbradykinin and bradykinin. We conclude that kinins are produced during local allergic reactions in the nose and may contribute to the symptomatology of the allergic response.
INTRODUCTION
It is generally accepted that the pathogenesis of IgEmediated inflammatory processes is the result of the involvement of a variety of mediators (1) . Kinins are potent local hormones that exhibit a range of pharmacological actions which have led to the suggestion that they may be important mediators of inflammatory reactions (2, 3) . While the potential clearly exists, however, for a role of kinins in IgE-mediated events in vivo, much of the evidence to support such a role has been circumstantial. In addition, most of the existing direct evidence for kinin generation during IgE-mediated events is based on determination of blood kinin levels (4, 5) and must be viewed with caution in light of more recent reports indicating that earlier methodology resulted in spuriously high values (6) (7) (8) .
In view of such criticism of the validity of existing data, the recent development of a reproducible and controlled system for nasal antigen challenge (9) provided us with an excellent opportunity to reexamine the potential for kinin involvement in a local allergic reaction. The pathogenesis of allergic rhinitis is presumed to involve an IgE-mediated mechanism and the present nasal challenge model has already allowed the demonstration that antigen administration leads to the release of mast cell mediators in vivo (9) . We now report the first clear demonstration of kinin generation during a local allergic reaction in vivo and correlate kinin generation with the production of other mediators and with the onset of clinical symptoms.
METHODS

Subjects
Healthy male and female volunteers between the ages of 18 and 55 were recruited and they gave informed consent prior to study. Allergic individuals were defined as having seasonal symptoms to an antigen to which they had a positive intradermal skin reaction at a concentration of 10 protein nitrogen units/ml or less of crude allergen extracts. Nonallergic individuals had no seasonal symptoms and negative skin tests to antigen extracts (100 protein nitrogen units/ml).
Nasal challenge and sample collection Ragweed pollen, ragweed extract, and mixed grass extract (Greer Laboratories, Lenoir, NC) were used as allergens. Pollens were insufflated in the nose by the method of Rosenberg et al. (10) . Known amounts of ragweed pollen (3.18±0.2 X 108 grains/g) were combined with lactose to obtain a total weight of 28.4 mg and were placed in a gelatin capsule. The capsule was placed in a Spinhaler (Fisons, Bedford, MA), which was adapted for nasal application and connected to a French-Rosenthal dosimeter. When the dosimeter was activated (four times for 2 s with a driving pressure of 10 lb/in2), -25 mg of pollen and lactose (±15%) was expelled into the nose. When antigen extracts were used, they were placed in a DeVilbiss 646 nebulizer (DeVilbiss Co., Somerset, PA) which was adapted to fit into a nostril. Like the Spinhaler, it was attached to a dosimeter that allowed the delivery of 0.08 ml of extract from the nebulizer into the nose. In the present study, individuals were given increasing doses of pollen or extract and monitored for the onset of clinical symptoms (sneezing) and for mediator output. Six individuals from each group were challenged with extract and two with pollen. There was no difference in the nature of the response to extract or pollen.
Although nasal airway resistance (NAR)' was measured by anterior rhinometry, the unpredictable effects of washing the nose with saline on this parameter, together with the use of oxymetazoline hydrochloride (Afrin, Schering Corp., Kenilworth, NJ) to maintain nasal volume, meant that NAR could not be considered a quantitative parameter. Conductance (NAR-') data, however, is presented for illustrative purposes.
Nasal washes were obtained by instructing patients to tilt their heads backwards -30°from the horizontal while in the sitting position, to hold their breath, and refrain from swallowing. 5 ml of normal saline (Cutter Laboratories, Berkeley, CA) was instilled into each nostril and after 10 s, the patients flexed their necks and expelled the mixture of mucus and saline into a collection vessel. Samples were immediately made 40 mM in EDTA and stored on ice until the conclusion of the experiments. In some experiments, aliquots were collected in the presence and absence of EDTA for comparison of kinin values. In kinin recovery experiments, standard bradykinin was added to nasal washes immediately upon collection. In all cases, upon conclusion of the experiment, the nasal washes were centrifuged at 15,000 g and 4°C for 15 min and the sol phase was separated from the mucus phase. All samples were stored at -80°C until assayed.
To test for the destruction of kinin in nasal washes by a known kininase, nasal washes were incubated for 5 min and 37°C with hog pancreatic carboxypeptidase B (Sigma Chemical Co., St. Louis, MO) at a final concentration of 40 tance; NAR', conductance; PEG, polyethylene glycol, TAME, 3H-N-a-tosyl-L-arginine methyl ester. Mg/ml. Samples were then boiled for 1 min, centrifuged, and assayed either by bioassay or radioimmunoassay (RIA). Controls consisted of aliquots of the same nasal washes that were incubated with buffer and then boiled.
Mediator assays
Kinin RIA. The RIA that was used employed Tyr8-bradykinin (Peninsula Laboratories, Belmont, CA) which was iodinated by the method of Hunter and Greenwood (11) . A 5-il (0.5 ug) aliquot of Tyr8-bradykinin was mixed with 30 l 0.05 M phosphate buffer, pH 7.4, and 5 Ml (0.5 mCi) Na "25I (Amersham Corp., Arlington Heights, IL). The reaction was initiated by the addition of 5 Ml (1 MAg) of chloramine T and was allowed to proceed for 10 min on ice before being terminated by the addition of 10 Ml (2 Mg) Na2S205. lodinated bradykinin was separated from free iodine by chromatography on a column (0. (10, 000 cpm) and 100 Ml of antiserum (1:140,000 final dilution) for 20-24 h at 4°C. The maximum binding of labeled in the absence of nonlabeled antigen for the assay (-5,000 cpm) was determined by running tubes in which sample was replaced with buffer, while nonspecific binding was determined by using tubes containing 100 Ml of labeled bradykinin and 300 Ml of buffer. This method of determining nonspecific binding gave values identical to those obtained by using nonimmune sera or an excess of bradykinin standard and was used for convenience. Nonspecific binding in this assay was usually -400 cpm. In all cases, antigen-antibody complex was separated from free antigen by polyethylene glycol (PEG) precipitation as follows. With all tubes in icewater, a 400 ul volume of cold 1% bovine gamma globulin (Sigma Chemical Co.) was added to each tube. This was followed by the addition of 800 Ml of cold 30% PEG 8,000 (Fisher Scientific Co., Pittsburgh, PA). All tubes were vortexed and centrifuged at 3,000 rpm for 5 min at 4°C. Supernatants were removed by aspiration, and the precipitates were washed by adding 800 ,ul of cold 15% PEG 8,000 and vortexing. The tubes were centrifuged once more, supernatants were aspirated, and the radioactivity associated with the precipitate was counted. The bovine gamma globulin and both PEG 8,000 solutions were prepared in RIA buffer from which the lysozyme had been omitted. Samples of human urine that were collected in acid and pepstatin (13) and stored in aliquots at -20°C were used as quality controls in the assay. Results were calculated using a Spline-fit computer program.
The assay was capable of detecting a minimum dose of 20 pg bradykinin/ml. Inter-and intra-assay coefficients of variation (SEM/mean X 100%) are 2 (n = 8) and 5% (n = 6), respectively. There was an excellent correlation between the RIA and bioassay. The assay did not distinguish, on a molar basis (ED50 = 2 X 10-10 M in each case), between Kinins in Allergic Rhinitis the three mammalian kinins (bradykinin, lysylbradykinin, and methionyllysylbradykinin), and would also recognize other nonmammalian kinins, such as polisteskinin (14) , that have the same carboxyterminus ('30% cross-reaction). Cleavage of bonds within the kinin moiety resulted in almost complete destruction of cross-reactivity, particularly if bonds near the carboxyterminus were affected. Highly purified human kininogen displayed <2% cross-reaction, on a molar basis, in this assay. No other cross-reacting materials are known.
Kinin bioassay. The biological activity of kinins in nasal washes was demonstrated by using isolated rat uterus as previously described (15) .
Histamine. For histamine determinations, 0.8 ml of sample was mixed with 0.2 ml of 8% HC104 and centrifuged for 10 min at 1,000 g. Supernatants were assayed by an automated spectrofluorometric assay (16) and concentrations of histamine of 21 ng/ml could be measured with an accuracy of ±5%.
[3H]-N-a-tosyl-L-arginine methyl ester (TAME)-esterase. Enzyme(s) that have arginine esterase activity were assayed essentially by the method of Imanari et al. (17) 
Ethanol extractions
To test the stability of the nasal kinin to ethanol precipitation, and to compare the kinin content of the sol and gel phase of nasal washes, the following procedure was used. Nasal samples, with and without added standard kinin, were separated into sol and gel phases by centrifugation as described above, and equal amounts of each phase (determined by both weight and volume) were used. 4 ml of 95% ethanol was mixed with 1 ml of sample (either sol or gel) and left on ice for 15 min. The mixture was then centrifuged at 1,000 g for 10 min and the supernatant was removed while the sediment was washed with 0.5 ml of 80% ethanol and the centrifugation repeated. Both supernatants were combined and vacuum-extracted to dryness. The sample was reconstituted to 1 ml with 0.2 M Tris/0.01 M EDTA/0.1% lysozyme, pH 6.4, and assayed as described above. Kinins were separated by using a Beckman Model 324 liquid chromatograph equipped with a 3.9 X 300 mm ,uBondapak C18 column of 10-,um particle size (Waters Associates). Separation was performed under isocratic conditions at a flow rate of 1 ml/min with a mobile phase consisting of 75% solution A/25% solution B. Absorbance was monitored at 210 nm and 1 ml fractions were collected. Fractions were concentrated to 50-100 ul by using the Savant concentrator and reconstituted to 1 ml with 0.2 M Tris/0.01 M EDTA/ 0.1% lysozyme, pH 6.4, for assay as described above.
When standard kinins were added to control nasal washes and an additional wash was performed 10 min later. Two administrations of lactose were given as controls and then increasing doses of antigen were insufflated. Nasal washes were performed at fixed time intervals after administration of placebo or antigen. As seen in Fig. 1 , the control individual did not produce any mediators or show clinical symptoms at any level of antigen used. In contrast, the allergic individual (Fig. 2) , while showing no response to placebo challenge, produced kinins in a dose-dependent response to antigen challenge. Generation of kinin was accompanied by the production of histamine and TAME-esterase activity, and was associated with the onset of clinical symptoms as indicated by the onset of sneezing. At the higher doses of antigen used, there was a clear decrease in nasal airway conductance despite the earlier administration of oxymetazoline. The apparent production of TAME-esterase that was seen following the first placebo challenge of this individual was not representative of other experiments. The lack of production of other mediators at this point suggested an aberrant TAME-esterase value. Since kinins are known to be easily destroyed in vivo (18) , early experiments (n = 5) were performed by collecting nasal washes in the presence and absence of EDTA (an inhibitor of some of the major human kininases). Typical results are shown in Fig. 3 . While the qualitative response to antigen challenge was identical in both cases, the maximum kinin response was threefold higher in the presence of EDTA; this indicated the presence of kininase activity in nasal secretions. All experiments were, therefore, performed by collecting nasal washes in EDTA. Before performing experiments on matched allergics and nonallergic controls, it was necessary to demonstrate that the RIA could provide accurate quantitative measurements. This was done by showing that serial dilutions of nasal samples produced a RIA displacement curve that paralleled the standard curve (Fig. 4) . In addition, it was shown that recovery of standard kinins that were added to nasal washes at collection was 101±3% (x±SEM; n = 11) for control individuals and 100±4% (n = 14) for allergics. Recovery of added kinins showed no significant variation at any stage in the experimental protocol. It was also shown, by ethanol extraction of mucus, that immunoreactive kinin was evenly distributed between sol and gel phases of the nasal washes; therefore, the sol phase was used for all further assays.
The kinin data obtained after antigenic challenge of other mediators and for sneezing (Fig. 5) . By Wilcoxon paired analysis, sneezing and the concentrations of kinins, histamine, and TAME-esterase activity were all significantly elevated in allergics challenged with antigen as compared with nonallergics (P < 0.001).
No fixed ratio was observed for the levels of various mediators produced by an individual. However, if mediator release is defined as positive when a threefold increase occurred after antigen challenge as compared with levels after the last placebo challenge, and sneezing is defined as positive when it occurred three or more times after antigen administration, then kinin generation was highly correlated with sneezing and the production of each of the other mediators (P < 0.001) by Fischer's exact test. No positive response was observed for a parameter in any nonallergic control.
To clearly define that the immunoreactive material detected by RIA was truly kinin, a variety of parameters, in addition to immunological identity and linear addition of standard bradykinin, were used. The immunoreactive kinin was stable to boiling and was not precipitated by ethanol, but was completely destroyed (n = 3) by incubation with carboxypeptidase B, the most potent kininase known (18) . In addition, those nasal washes with high levels of immunoreactive material were shown to produce contraction of the isolated rat uterus (n = 3). This ability to contract the uterus was also abolished by carboxypeptidase B (n = 3).
HPLC analysis of the immunoreactive kinin in nasal washes is shown in Fig. 6 . The conditions used enabled separation of standard lysylbradykinin and bradykinin by a difference of 5.5 min in retention time. Standard methionyllysylbradykinin (not shown) had a retention 1.5 min longer than that of bradykinin. Application of varying levels of the three standard kinins showed that a similar recovery of immunoreactive material was observed for each of the three kinins (73±1 for bradykinin, 76±3 for lysylbradykinin, and 76±1% for methionyllysylbradykinin; n = 3 in each case). An excellent correlation between A210 and recovered immunoreactivity was observed for each kinin. Buffer control runs that were performed immediately after chromatography of the standards showed little or no immunoreactivity. In contrast, chromatography of a nasal sample (Fig. 6 C) revealed two peaks of immunoreactivity with retention times that corresponded exactly to those of lysylbradykinin and bradykinin. In the case of the patient shown, lysylbradykinin represented 25% of the total immunoreactivity recovered. A second patient (not shown) also showed two peaks of immunoreactivity with lysylbradykinin representing 34% of the total kinin detected. In both cases, methionyllysylbradykinin was not detected. Since recoveries of all three kinins from control washes were comparable, the above results cannot 1682 Proud, Togias, Naclerio, Crush, Norman, and Lichtenstein be explained on the basis of selectively lower recoveries of lysylbradykinin and methionyllysylbradykinin.
DISCUSSION
The known ability of kinins to produce all the cardinal signs of inflammation, including vasodilatation, increased vascular permeability, and edema, makes them prime candidates as important mediators of IgE-mediated inflammatory events. The recent description of proteases that are released from human mast cells by IgE-mediated mechanisms (19) (20) (21) and that are capable of interacting with the kinin system and the Hageman factor-dependent pathways provided the first clear rationale to explain kinin formation during the allergic response. However, despite the report that high molecular weight kininogen is consumed during human anaphylaxis (22) , there has been little direct evidence of in vivo kinin formation during allergic reactions and attempts at blood kinin measurements have been complicated by technical difficulties and by the short survival time of these peptides in the circulation. In light of these problems, we decided to focus on an alternate in vivo system.
The nasal airways are readily accessible and samples may be obtained by relatively noninvasive techniques. In spite of these advantages, there have been few attempts to study mediator release in the nose and these, by and large, have not been definitive. The only previous report on the existence of kinin-like activity in the nasal secretions of allergic patients (23) was limited by the inability to obtain adequate samples from nonallergic controls or from allergic subjects prior to challenge. In addition, kinin activity was found in only half of the allergics tested after challenge and no attempt was made to identify the kinin-like material.
The present results, on the other hand, show a clear relationship between the generation of kinin and the onset of clinical symptoms observed after antigen challenge. In addition, kinin production was highly correlated with the appearance of histamine and TAMEesterase activity. Whether the antigenic challenge procedure used in the present study adequately reflects field exposure is uncertain, but it should be emphasized that several patients in the present study, as well as numerous others studied since, responded when only 10 grains of pollen were blown into the nose. The level of kinin response seen in the present studies was dramatic; there were increases of up to 250-fold that seen in the last placebo wash. To our knowledge, no other system has been studied which showed such increases. Since the kinin-generating ability in blood is considerable, an obvious concern was whether sneezing, which was induced by antigen challenge, resulted in blood contamination in nasal washes as a result of the rupture of blood vessels. In none of the individuals studied did we find any evidence of blood contamination and nasal washes obtained from allergic individuals who sneezed spontaneously, or as a result of mechanical stimulation with tissue paper, contained no detectable levels of kinins. In addition, it is unlikely that the parallel RIA displacement curves and excellent recoveries of added kinin would be observed in the presence of blood contamination. Finally, the presence of considerable amounts of lysylbradykinin in nasal washes cannot be explained purely on the basis of activation of the plasma system because plasma kallikrein produces only bradykinin (24) . The failure to detect methionyllyslbradykinin in the present studies was not particularly surprising. This peptide has, to date, only been detected in acidified plasma (25) or urine (26) and is probably not normally present in vivo.
The occurrence of both lysylbradykinin and bradykinin in nasal washes raised the possibility that several enzyme systems may be involved in kinin production. The nasal allergic response is presumed to involve the release of mast cell mediators. Of the mediators detected to date, only histamine is limited strictly to mast cells and basophils. There is also some evidence, however, that much of the TAME-esterase activity detected in nasal washes (9) resembles the major neutral protease described from human mast cells (27) , and prostaglandin D2, which has also been detected (9) , is the major cyclooxygenase product of human mast cells. Since kininogenase activity has been detected in human mast cells (19) and basophils (28) , it is an attractive possibility that these enzymes may contribute to kinin generation in the nose. Alternatively, mast cell proteases capable of activating the Hageman factor-dependent pathways (20, 21) may play a role in the activation of plasma kallikrein that diffuses into the nasal mucosa, or Hageman factor may be activated as a result of damage to the mucosa or submucosal tissue. A possible involvement of the glandular kallikrein system must also be considered since salivary kallikrein is released by sympathetic nerve stimulation (29, 30) and kallikrein-like activity, perhaps from salivary glands in the nose, has been detected in nasal secretions of the cat upon stimulation of the vidian nerve (31) . Finally, the possibility exists that one enzyme system is responsible for the generation of lysylbradykinin, and that bradykinin may be formed as a result of the action of a kinin-converting aminopeptidase, such as the one described from human serum (32) .
In summary, we have presented the first clear demonstration of kinin generation during a local allergic reaction in vivo. Nasal washes can be assayed for kinin directly, yielding reliable quantitative estimates and kinin generation was highly correlated with clinical symptoms and the generation of other mediators. The kinin generated in response to antigenic challenge was a mixture of lysylbradykinin and bradykinin. While the exact means of kinin production awaits delineation, we conclude that kinins are produced during the allergic response and may contribute to the symptomatology of the allergic reaction.
